In inverter-based distributed generation (IBDG) and similar to the conventional third order LCL filter, the high order LLCL filter is difficult to stabilize, and may cause a resonance between the inverter and the grid. Passive damping techniques were explored in literature by connecting a resistor in different locations of the LLCL filter. This paper presents the performance of the high-order LLCL-filter with RC passive damping circuit through evaluating the system stability using dual-loop control strategy that has been applied to the LCLfilter. Comparative analysis regarding PI and PR controllers used in the proposed control strategy is offered. Simulation results using Matlab are conducted, presented, and discussed.
I. Introduction
Renewable energy sources mostly necessitate power electronic converters in order to comply with the grid voltage and frequency requirements. Grid integration of voltage source inverters (VSIs) requires a passive filter between the VSI and the grid for harmonic mitigation. The first-order L filter reduces harmonics generated by the converters but at the expense of high inverter switching frequency with bulky and expensive filter inductor. For better performance, the second-order LC filter can be employed. The most common solution is to use the third-order LCL filter VSI. The LCL-filter reduces the filter size and introduces better dynamics and attenuation of switching harmonics compared to a simple L filter. However, the LCL filter is difficult to stabilize in closed loop operation, and may cause a resonance between the grid and the inverter. Therefore, passive damping or active damping are the solutions to these problems. Many studies were conducted on these types of damping approaches such as adding a resistor to the capacitor branch for LCL filter damped passively. This extra resistor involves additional losses to the system. References [1] and [2] proposed analysis of selecting the value of the damping resistor resulting in minimizing losses and ensuring LCL-filter stability. In [3] , different passive damping techniques have been evaluated by connecting the damping resistor in different locations in the LCL-filter. The active damping approach avoid losses introduced by the passive damping approaches however it adds more complexity to the system control. In [4] , a tuning procedure of lead-lag network method for active damping in LCL-filter has been proposed. In [5] , the power theory with PQR power transformation in order to compensate and improve the stability caused by the additional resonance poles caused by LC section of the LCL filter has been proposed. In [6] , the active damping methods using a digital filter has been reviewed. Other approaches of active damping control strategies were investigated and analyzed in [7] where a twodegree-of-freedom (2DOF) allows the independent action of PID controller terms. The analysis of filter capacitor current and voltage was conducted in [8] and concluded that either the proportional feedback of the currents or derivative feedback on the voltages are required for system stability. The regulation of the injected grid current with the capacitor current and the filter-capacitor current feedback in order to actively damping the resonance introduced by the LC elements have been introduced in [9] , [10] , and [11] respectively.
A new topology of high-order passive filter (LLCL filter) consisting of adding a small inductor in series with the capacitor of the LCL-filter which yields to the LLCL-filter configuration shown in figure 1 . The LLCL-filter presents a better attenuation of the switching-frequency harmonic current components than the LCL-filter therefore reducing the total size of the inductors. However, inverter-based distributed generation (IBDG) with LLCL-filter has to be well stabilized especially with the underdamped oscillations. Several passive and active damping techniques for the IBDG with LLCL filter have been investigated by researchers [15] [16] [17] [18] [19] [20] [21] . These damping methods consist of a combination of a damping resistor (R d ), a damping inductor (L d ), and a damping capacitor (C d ) in series and/or in parallel to the shunt element (L f , C f ). Yet, an IBDG system integrating LLCL-filter require more complex control strategies. A passive damping technique for single-phase gridtied inverter [12] where a new passive damping structure with reduced power losses by introducing an optimized damping resistor value was proposed. In [13] , it has been concluded that the additional small inductance in series with the capacitor branch attenuates the current ripples at the switching frequency, and it reduces the total inductance yielding a size reduction. In [14] and [15] , another method of passive damping using RC as parallel circuit to the LC branch of the LLCL-filter and RL as a series circuit with the grid-side inductor has been proposed. In [16] , a modified structure of the LLCL-filter has been proposed where a capacitor is connected in parallel to the LC branch to reduce the EMI noise. A damping technique that combines both digital filter and RC parallel damper that guarantees the stability of the LLCL filter while the grid inductor is varying, was discussed in [17] . In [18] , a strategy that consists of splitting the elements of the LC branch into two sections then using the current flowing between these sections as feedback in order to stabilize the system has been proposed.
All of the previous contributions did not investigate the multiloop control strategy applied to stabilize the LLCL-filter. However, the control techniques such as multiloop [19] , [20] , and dual-loop [21] have presented analysis of these techniques on LCL-filter only. Therefore, a stability analysis of the LLCL filter-based grid-interfaced three-phase inverter using the multiloop control strategy with passive damping techniques will be presented as contribution through the current paper. This analysis considers the grid current (i g ) as the outer loop and observing the performance of the system with the capacitor voltage (v c ), capacitor current (i c ) or inverter-side inductor current (i L ) as the inner loop. A comparative study between a proportional-integral (PI) and a proportional-resonant (PR) is conducted and presented in this paper. The stability analysis was evaluated and assessed by simulation using root locus and bode plots in Matlab/Simulink.
II. LCL and LLCL Filter Models
In this section the LCL and LLCL filter models are presented and compared.
A. LCL filter model
The per-phase equivalent circuit of an LCL filter connecting the inverter to the grid is presented in figure 1 . The LCL-filter consists the inverter-side inductor L inv , the grid-side inductor L g , and the capacitor filter C f . The open loop transfer functions G 1 (s) from input voltageinverter side V inv to output current-grid side i g and G 2 (s) from input voltage-inverter side V inv to input current-inverter side i inv can be respectively represented as per the following:
B. LLCL Filter Model
The LLCL-filter consists of the inverter-side inductor L inv , the grid-side inductor L g , and a shunt element containing the filter inductance L f connected in series with the capacitor filter C f . The per-phase equivalent circuit is shown in figure 2 . As it can be seen from figure 3a that the LCL and LLCL filters have the same frequency response. However, at the switching frequency 20kHz (125krad/sec), the LLCL filter offers a better attenuation than LCL filter. Figure 3b illustrates the frequency response for transfer function from input V inv to the output i inv where it is clear that the addition of the inductor in series with the filter capacitor of the LLCL filter, does not change the behavior of the LCL filter for all frequencies.
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III. LLCL Filter Control Analysis
The block diagram illustrated in figure 4 shows the LLCL-filter with PI and PR controllers. The transfer function for the PI controller is given in (5) and for the PR controller in (6). The LLCL-filter parameters as well as the parameters of the PI and PR controllers which are used for simulation are listed in table I. The first simulation results obtained on the LLCL-filter without passive damping elements are shown in figure 3 . The frequency response of the open loop transfer functions given in (7) and (8) , that represents the grid current with respect to the error between the reference current and the feedback current, are illustrated in figure 5.
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The LLCL-filter presents the same behavior in terms of amplitude with both controllers Proportional Integral and Proportional Resonant at the resonant frequencies ω 1 and ω 2 .
The expressions for ω 1 and ω 2 are given respectively in (9) and (10). figure 8 where it is clear that with both PI controller and PR controller attenuate harmonics of high frequency by -60dB/decade while with PR controller, the system has more gain margin. The bode plot of the open loop transfer function of the LLCL filter as presented in figure 6 with the proportional-integral (PI) and the proportional-resonant (PR) controllers is illustrated in figure 8 . The open loop transfer function presents three cut-off frequencies with PR controller.. As shown in figure 8 , the PR controller presents more gain margin than PI controller. For the other case where the damping circuit is connected in parallel to C f only as illustrated in figure 9 , the high frequency harmonics are attenuated with the same maner in the presence of the PI and PR controllers. The bode plot in figure 11 demonstrates the behavior of the PI and PR controllers on the high-frequency harmonics for the open loop transfer function for the block diagram illustrated in figure 10 . 
V. Stability Analysis
Similar to the LCL filter, the LLCL is a high power filter therefore it requires a damping circuit. In this section, the passive damping technique is investigated through three inner loops. In [19] , the analysis of six state variables u 1 , i 1 , u c , i c , u 2 , and i 2 in the LCL filter which can be adopted to damp the resonance has been presneted. According to the stability results achieved by [19] , three of the proposed variable feedback parameters to damp the resonance effect will be analysed in the current paper for the LLCL filter. Figure 12 shows the block diagram of the LLCL filter with the three inner loops (The diagram shows the three inner loops together, but they are used separately) such as the Inverter-side inductor current i inv , capacitor current i c, and capacitor voltage v c . The PWM inverter unit is simplified to the gain K PWM and it is considered to be a unity gain. For comparative study, the PI and PR controlles have been used independently for the outer feedback. The PI and PR parameters used during the simulation phase are presented in table I. In order to examine the behavior of each controller while the connection of the damping circuit R d C d is relocated around the L f C f parallel branch, the used parameters were fixed to the values stated in table I.
Figures 13a-c demonstrate the effect of the location of the damping circuit on the stability of the system as illustrated in figures 6 and 9. Also, the consequence of the inner loops and PR controller is shown, where it can be seen that R d C d damping circuit connected in parallel to L f C f offers a better attenuation of the harmonics with high frequencies compared to its connection in parallel to C f only. The graphs displayed in figure 13a-c show the effect of the inverter-side inductor current as well as the current flowing through and the voltage across the parallel branch that includes the damping elements (resistor and capacitor) and the filter elements (capacitor and inductor) with the two studied configurations as shown in figures 6 and 9 using the PR controller on the system stability.
Based on the bode plots illustrated in figures 13a-c, the inverterside inductor current i L (s) and the current i f (s) flowing through the filter parallel branch offer an underdamping attenuation when a damping circuit (R d and C d ) is connected in parallel to L f series with C f compared to the other configuration where the damping circuit (R d and C d ) is mounted in parallel to the capacitor C f only. However, the first configuration offers a better harmonics attenuation for high frequencies. The voltage v f (s) across the parallel branch as inner loop with the configuration illustrated in figure 6 offer both advantages; overdamping with better harmonics attenuation compared to the configuration where the damping circuit is connected to the filter capacitor element only.
The selection of the damping circuit topology depends on the inner loop type. However, it can be seen that for better attenuation of the harmonics with considerable overdamping the LLCL filter with damping resistor R d and capacitor C d connected in series and attached in parallel to the inductor filter L f and the capacitor filter C f while considering the voltage across the filter parallel branch as inner loop would be the appropriate configuration.
VI. Conclusion
A comparative study between the open loop transfer functions of the LCL filter and the LLCL filter was presented. It was concluded that for high frequencies, the LLCL filter offers a better attenuation than LCL filter. Another study was considered for the LLCL filter with existence of the PI then PR controllers. Also, it was determined that both controllers provide the same amount of attenuation. In this paper, two configurations of passively damped LLCL filter with PR controller only were examined by introducing the inverter-side inductor current, the current flowing through and the voltage across the filter branch as inner loop for the multi-loop stratergy. The obtained results show that among the two passively damped LLCL filter and between the three inner loops, the LLCL filter with R d series with C d and both parallel to L f series with C f configuration and the voltage across the filter branch inner loop demonstrate better attenuation with well overdamped amount which would be an appropriate structure.
